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ABSTRACT  
 
This review highlights the difference between characterizations of thermodynamic nonideality in 
protein solutions by means of second virial coefficients obtained under different thermodynamic 
constraints. Techniques such as osmometry and size-exclusion chromatography yield the osmotic 
second virial coefficient for protein self-interaction (B22) because of their conduct under the 
constraint of constant solvent and small cosolute chemical potentials. On the other hand, the 
corresponding nonideality coefficient obtained from light scattering and self-interaction 
chromatography measurements (A2) includes additional contributions from excluded volume 
interactions between the protein and small cosolute species in the buffer system − a consequence 
that reflects the operative thermodynamic constraint of constant pressure (or volume). Despite the 
absence of solvent partiton between phases in sedimentation equilibrium studies, this procedure also 
yields the osmotic second virial coefficient for protein self-interaction because the protein−cosolute 
contributions to thermodynamic nonideality are contained within the buoyant molecular mass and 
hence separated from those reflecting protein self-interaction.   
 
Keywords   
Thermodynamic nonideality  
Second virial coefficient  
Sedimentation equilibrium  
Self-interaction chromatography  
Size-exclusion chromatography  
Osmotic pressure  
Light scattering
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 3
 Current concepts of thermodynamic nonideality stem from the observation of deviations 
from Raoult’s Law for gases and the introduction of the van der Waals equation [1] to explain the 
anomalous behavior of imperfect gases in terms of excluded volume repulsion (the b parameter), 
and weak attraction interactions (the a parameter) between the molecules of a gas. The application 
of this approach to encompass nonideal solution behavior of macromolecules [2] is most 
conveniently extended through use of the series expansion [3] 
 
 Π RT = c2 M 2 + B2 c2 M 2( )2 + ...        (1) 
 
to describe the dependence of osmotic pressure (Π) upon weight concentration (c2; mass of solute 
per unit volume of solution) of a macromolecular solute (species 2) with molecular mass M2: R is 
the universal gas constant and T the absolute temperature.  Statistical-mechanical considerations 
[4,5] have shown that the osmotic second virial coefficient B2 describes the physical interaction 
(mutual volume exclusion and other forces) between pairs of solute molecules.  In the event that 
there are other solute species present, the definition of B2 must be refined, and the relevant 
equivalent parameter is B22, the osmotic second virial coefficient for “self-interaction” between a 
pair of type 2 solute molecules that appears in the general expansion for multi-component solutions. 
 The introduction of light scattering as a method of molecular mass measurement [6] soon 
led to the realization that measurements of turbidity (τ) could also be described in terms of a series 
expansion in solute concentration, namely 
 
 Hc2 τ = 1 M 2( )+ 2A2 c2 M 2( )+ ...        (2) 
 
where H is an optical constant. Furthermore, as noted by Edsall and coworkers [7], the second light 
scattering virial coefficient (A2) for a two-component solution (single solute in solvent) is 
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effectively B2, this being a correlation supported by comparing experimental estimates of B2 and A2 
for solutions of bovine serum albumin. Despite reservations expressed therein [7] about the validity 
of regarding buffered protein solutions as single-solute systems, this identification of A2 with B2 has 
become embedded in light scattering folklore. Indeed, the A2 in Eq. (2) has now been replaced by 
B22 − a change signifying that light scattering studies should yield the osmotic second virial 
coefficient for protein self-interaction [8−13].  
 The purpose of this review is to highlight the thermodynamic arguments that undermine 
such identification of the light scattering parameter with the osmotic second virial coefficient for 
solute self-interaction [14,15], and also to establish whether the nonideality coefficients obtained by 
other physicochemical procedures are the same as the osmotic second virial coefficients (B22) or 
variants of the corresponding light scattering parameter (A2). Such distinction is timely in view of 
the current resurgence of interest in quantifying the thermodynamic nonideality of protein solutions, 
whether it be seen as a means of improving thermodynamic characterization of protein association 
equilibria [16−25] or as a diagnostic of conditions conducive to protein crystallization [8−10, 
26−31] and protein stability [32−34]. 
 
Thermodynamic description of a single solute   
 
 The inclusion of a single macromolecular solute in solvent at constant temperature typically 
gives rise to one of two situations, depending on the nature of the experiment. In classical 
osmometry the chemical potential µ1 of solvent (species 1) in the macromolecule-containing phase 
(α) and the solvent phase (β) remains equal to that of solvent at atmospheric pressure (P). On the 
other hand, the constraints of fixed temperature and pressure that apply to most laboratory 
experiments (including light scattering) result in a situation that is thermodynamically quite 
different: the solvent chemical potential in the solution of interest usually differs from that of pure 
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solvent at the same pressure. We therefore need to consider the thermodynamic consequences of 
this difference between the two situations encountered in the measurement of second virial 
coefficients. 
 
Solute chemical potential in studies involving solvent partition 
 
 In osmometry and size-exclusion chromatography, the thermodynamic activity of the 
macromolecule (z2) is related to its molar concentration by [5]  
 
 µ2( )T ,µ1 = µ20( )T ,µ1 + RT ln z2 = µ20( )T ,µ1 + RT ln γ 2c2 M 2( )    (3) 
 
and the solute activity  z2 is a molar quantity in the sense that in the ideal limit of infinite dilution 
(c2→0) it is equal to the molar concentration c2/M2. For this reason z2 is most appropriately 
expressed as the product of solute molar concentration and a corresponding molar activity 
coefficient γ2. By a purely thermodynamic argument it can be shown [35] that  
 
 lnγ 2 = c2 ∂Π ∂c2( )T ,µ1 = 2B22 c2 M 2( )+ ...       (4) 
 
Eq. (1) can be extended without modification to the description of multi-component solvents 
provided all solvent (buffer) components can freely diffuse through the osmotic membrane because 
the chemical potential of each solvent component “inside” is equal to that “outside” for the 
solutions of interest that have different macromolecular concentrations. The constraint of constant 
µ1 then implies constancy of the chemical potential of all solvent (buffer) components [36,37]. 
 An obvious advantage of monitoring the thermodynamic activity under these conditions is 
that B22 is a rigorously defined parameter that may be described in terms of physical interactions 
between pairs of macromolecules [4]. For a spherical macromolecular solute with radius R2 the 
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osmotic second virial coefficient can be expressed in terms of the potential-of-mean-force u22(x) 
between two molecules separated by center-to-center distance x [4,35], and hence calculated by 
using the equation 
 B22 = 2pi L 2R2( )3 3 − f22 x( )x2 dx
2 R2
∞
∫





       (5a) 
with 
 f22 x( )= exp −u22 x( ) kT( )  − 1       (5b)  
 
where k is the Boltzmann constant; and where Avogadro’s number (L) is included to define the 
virial coefficient on a molar basis. Except for systems with high charge and low ionic strength a 
reasonably reliable estimate of the osmotic second virial coefficient can be obtained from the 
expression [23]   
 
 B22 =
16pi LR2
3
3
+
Z2
2 1 + 2κ R2( )
4 I 1 +κ R2( )2 −
Z2
4κ 3 1 + 2κ R2( )
128pi LI 2 1 +κ R2( )4 + ...     (6) 
 
where the first term is the hard-sphere contribution for a protein with Stokes radius R2; and where 
the subsequent terms account for the additional excluded volume arising from charge−charge 
repulsion between symmetrically distributed net charge Z2. [The occasional appearance of an 
arbitrary factor of 1000 in the last term of Eq. (6) [23,25] signals the calculation of the 
Debye−Hückel inverse screening length κ in centimetres as 2.37 × 107√I, from the numerical value 
I of the ionic strength measured on the molar (M) scale.] An important point to note is that in the 
absence of adequately strong short-range associative forces between solute (2) molecules, the 
second osmotic virial coefficient can only assume positive values because of convergence of the 
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series of charge-dependent terms with alternating sign, which correspond to the effects of 
electrostatic interaction specified in increasing orders of u22(x)/(kT) [38].  
 
Solute chemical potential under the constraint of constant pressure 
 
 For solutions with temperature and pressure as the fixed constraints the thermodynamic 
activity of the macromolecule (a2) is defined by the equation [5] 
 
 µ2( )T ,P = µ20( )T ,P + RT lna2 = µ20( )T ,P + RT ln y2w2 M 2( )    (7) 
 
and, in the ideal limit of infinite dilution of solute (w2→0), a2 reduces to the molal concentration, 
w2/M2, where w2 is the mass of solute per unit mass of solvent.  For this situation of constant 
temperature and pressure, the relation analogous to Eq. (3) is (Eq. 4.103 of [35]) 
 
 −
µ1( )T ,P − µ10( )T ,P
RTw2
= 1 M 2( )+ C22 w2 M 2( )+ ...     (8) 
 
whereupon the activity coefficient y2 can be written as 
 
 ln y2 = 2C22 w2 M 2( )+ ...         (9) 
 
Although both activity coefficients (γ2 and y2) are dimensionless, y2 refers to a molal activity that 
measures the solute chemical potential relative to a standard state at the same pressure as the 
solution but different solvent chemical potential. 
 Unlike its molar counterpart, the molal second virial coefficient (C22) cannot be expressed 
very simply in terms of molecular statistical-mechanical quantities except in the case of 
incompressible solutions. Nor, on account of the Gibbs-Duhem relationship between chemical 
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potentials, can Eqs. (7-9) [unlike Eqs. (1), (3) and (4)] be applied with trivial modification to 
situations in which there is more than one solvent component.  However, aqueous solutions are to a 
good (though imperfect) approximation incompressible, an assumption that can be adopted for a 
quite precise statistical-mechanical interpretation of the light scattering second virial coefficient. 
Subject to the validity of assumed solution incompressibility, the molal parameter is related to its 
molar counterpart by the expression 
 
 C22 ρ1 = B22 − M 2v2          (10) 
 
in which v2  is the partial specific volume of solute (assumed composition-independent); and ρ1, the 
solvent density, converts the units of the molal second virial coefficient (mol per kg solvent) into 
those (mol per litre of solution) of the right-hand side of Eq. (10). By the same token, the transfer of 
w2 (a concentration scale rarely used these days) into the more conventional weight concentration c2 
is, for incompressible solutions, effected by the relationship 
 
 w2 =
c2
ρ1 1− v2c2( )         (11) 
 
whereupon the expression for the molal activity coefficient becomes 
 
 ln y2 =
2 B22 − M 2v2( )
1 − v2c2( ) c2 M 2( )+ ... = 2B22 − M 2v2( ) c2 M 2( )+ ...    (12) 
 
It is evident from Eqs. (4) and (12) that the values of γ2 and y2 , although not identical, are similar to 
one another at any moderately low concentration.  Likewise, because the exact quantitative 
manifestation of nonideality in any experimental situation depends on the definition of the 
thermodynamic parameter which is monitored, the values of nominally defined “second virial 
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coefficients” obtained by using different techniques cannot be guaranteed to have the same value.  
The coefficients obtained from osmometry, B22 or B2 [Eq. (1)], and light scattering, A2 [Eq. (2)], are 
a case in point, as is shown below.  
  
 
Thermodynamic description of a buffered protein solution 
 
 In physicochemical studies of aqueous protein solutions the solvent (water) is almost always 
supplemented with low molecular weight buffer and supporting electrolyte components, whereupon 
consideration needs to be given to the validity of regarding the system as a single-solute solution. 
For a technique such as classical osmometry the equilibrium partition of these small molecules 
between the two phases ensures that the osmotic pressure is measured under the additional 
constraint of constant chemical potential of these components as well as that of solvent. Because 
those small buffer and electrolyte components can therefore be regarded as part of the solvent 
[36,37], the protein solution is effectively describable as a single-solute system. Consequently, the 
thermodynamic equations derived above continue to apply to the determination of virial coefficients 
by osmotic pressure and size-exclusion chromatography − another technique involving equilibrium 
partition between two aqueous phases. 
 Unfortunately, the same simplification does not apply to a technique such as static light 
scattering, where the experimental constraint of constant pressure automatically precludes 
constancy of the solvent chemical potential in the solutions of differing concentration c2 that are 
being compared. Under those circumstances the buffer and electrolyte components must be 
regarded as additional solutes [39,40], which for the purpose of nomenclature simplification will be 
considered as a single “buffer” component (species 3). The presence of the additional species 
necessitates the rewriting of Eq. (8) as 
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−
µ1( )T ,P − µ10( )T ,P
RT
= w2 M 2( )+ w3 M 3( )
+ C22 w2 M 2( )2 + C23 w2 M 2( ) w3 M 3( )+ C223 w2 M 2( )2 w3 M 3( )+ ...
 (13) 
 
where only one extra solute (buffer) component (3) and only terms of first order in (w3/M3) have 
been considered explicitly. The counterpart of Eq. (9) then becomes 
 
 ln y2 = 2C22 w2 M 2( )+ C23 w3 M 3( )+ 2C223 w2 M 2( ) w3 M 3( )+ ...    (14) 
 
 
in which C23 is the second molal virial coefficient for protein interaction with a buffer molecule; 
and where the term in C223, the molal third virial coefficient for physical interaction between two 
protein molecules and a buffer molecule, needs to be included to retain rigor of the expression to the 
term linear in both w2/M2 and w3/M3.   
 It is evident that the operational second virial coefficient for the main solute component 
(species 2) no longer depends solely on “self-interaction” processes between macromolecules. 
Rather, the second virial coefficient obtained for protein solutions from measurements made under 
the constraint of constant pressure contains contributions from protein−cosolute interactions. In 
order to distinguish such virial coefficients from the osmotic second virial coefficient B22, we retain 
the initial light scattering nomenclature that designated them as A2.  
 
Identification of the nonideality parameters obtained by various techniques 
 
 
 This section considers the various physicochemical methods for virial coefficient 
determination for the purpose of establishing and illustrating the nature of the parameter obtained 
by using each technique. 
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Osmometry 
 Osmometry is the classical procedure for measuring the second virial coefficient for protein 
self-interaction. Indeed, its designation as the osmotic second virial coefficient reflects that origin: 
from Eqs. (1) and (4) it is evident that the limiting slope (as c2 → 0) of the concentration 
dependence of Π/(RTc2) defines B22, which from Eqs. (5) and (6) must be positive in the absence of 
significant short-range attraction between the macromolecules. To illustrate these theoretical 
predictions osmotic pressure results for ovalbumin at neutral pH [41] are presented in Fig. 1A. The 
osmotic second virial coefficient initially decreases with increasing ionic strength as a result of the 
decreasing electrostatic repulsion between molecules, but approaches the asymptotic limit (_____, 
Fig. 1A) predicted by the first term of Eq. (6) for this protein with a Stokes radius (R2) of 2.9 nm 
[42]. 
 A similar situation applies to osmotic pressure results [43] for bovine serum albumin in 0.15 
M NaCl (pH 7) in that the magnitude of B22 predicted by the first term of Eq. (6) for this 66.4 kDa 
protein with a Stokes radius of 3.5 nm [44] provides a reasonable description of the c2 → 0 limiting 
slope of the dependence of Π/(RTc2) upon protein concentration (Fig. 1B); but much poorer 
agreement between experimental results and the limiting theoretical dependence (− − −) when a 
charge of −20 [45] is incorporated into Eq. (6) to obtain the predicted slope.  Of relevance in that 
context is the observation of chloride binding by bovine serum albumin under those conditions 
[46−48] − a phenomenon that introduces a negative contribution into the second virial coefficient 
[14,15,43].  For serum albumin (Fig. 1B) and ovalbumin (Fig. 1A) this complex formation between 
solute and an electrolyte within the solvent has a relatively minor effect on the experimental second 
virial coefficient, the magnitude of which is dominated by B22, the osmotic second virial coefficient 
for protein self-interaction.  
 As noted by Rodgers and coworkers [43,48,49] a concentration-dependent decrease in 
Π/(RTc2) can reflect the situation in which the concentration of electrolyte ions within the protein 
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domain exceeds that in the surrounding solvent − a situation reflecting extensive complex formation 
between protein and electrolyte ions.  However, in those circumstances the coefficient of the linear 
term of that dependence (B2) becomes influenced by B23 as well as by B22.  An osmotic pressure 
study [50] of lysozyme solutions (pH 4) supplemented with 1 M ammonium sulfate provides an 
example (Fig. 1C) of this situation in which the concentration-dependent decrease in Π/(RTc2) 
arising from reversible complex formation between protein and electrolyte ions outweighs the 
concentration-dependent increase reflecting the repulsive force between two protein molecules 
(protein self-interaction).  Under those circumstances the coefficient of the linear term of that 
dependence (B2) is clearly not reflecting the osmotic second virial coefficient for protein self-
interaction: instead it is signifying invalidity of the assumption that the solvent is inert. For this 
system the electrolyte (ammonium sulfate) cannot be regarded as part of the solvent (water): it must 
instead be considered as a cosolute (species 3) that influences the magnitude of the experimental 
second virial coefficient by virtue of the B23 contributions (chemical as well as physical) arising 
from protein−cosolute interactions.  The disparity between the experimental ordinate intercept 
(signifying M2 = 17.7 ± 0.2 kDa) and its counterpart for a 14.5 kDa species (horizontal arrow in Fig. 
1C) presumably reflects the presence of a B23 term in the expression for the ordinate intercept, 
because Behlke and Ristau [51] have established existence of the enzyme in monomeric state under 
fairly similar conditions (pH 4.5, I 1.0). 
 For a system with only one macromolecular solute (species 2) but an additional non-
diffusing (protein bound) cosolute (species 3) the expression for the osmotic pressure requires 
modification to the form 
 
  
Π RT( )= 1 + B23 c3 M 3( )  c2 M 2( )+ B22 + B223 c3 M 3( )+K  c2 M 2( )2 + ...
 (15) 
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whereupon the intercept becomes (1 + B23c3/M3 + …)/M2 rather than 1/M2 for the inert solvent 
system: attractive chemical interaction between protein and cosolute ensures negativity of the B23 
term, and hence an ordinate intercept smaller than 1/M2.  
 There are, of course, examples of osmometry studies in which the concentration dependence 
of Π/RTc2 does reflect a negative second virial coefficient for protein self-interaction because of 
protein self-association. Such systems include osmotic pressure studies of hemoglobin, soybean 
proteinase inhibitor and α-chymotrypsin [21, 52−54].  However, the concentration dependence of 
reduced osmotic pressure for a nonassociating protein is positive unless the repulsive contributions 
to the second virial coefficient reflecting B22 are outweighed by the attractive (negative) 
contributions arising from protein interaction with components of the buffer medium − the situation 
observed (Fig. 1C) for lysozyme. 
 The experimental measurement of a negative second virial coefficient by this technique 
usually provides evidence of reversible protein self-association − a feature illustrated by osmometry 
results [55] for α-chymotrypsin in 0.3 M K2SO4 solutions (Fig. 1D). An increasingly negative value 
of B22 as the acidity is changed from pH 6 () to pH 5 () reflects a progressive increase in the 
extent of reversible enzyme dimerization that peaks at pH 4 [56].  
 
Size-exclusion chromatography 
 The equilibrium partitioning of buffer components as well as solvent between mobile and 
stationary phases of a size-exclusion chromatography column ensures that results obtained by this 
technique are also amenable to interpretation in terms of single-solute theory. Although positive 
concentration dependence of elution volume for nonassociating proteins was observed in the early 
days of frontal gel chromatography on Sephadex [57], that effect has been traced to osmotic 
shrinkage of the gel beads in response to the difference between protein concentrations (and 
therefore pressures) in the mobile and gel phases [58]. However, the advent of high-performance 
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liquid chromatography necessitated the manufacture of essentially incompressible but porous 
matrices to minimize column compaction under conditions of high pressure and flow rate. Those 
developments have rendered possible the measurement of virial coefficients by size-exclusion 
chromatography [19,59,60]. 
 Because the distribution of a protein between the mobile (α) and stationary (β) phase in the 
solute plateau of a frontal chromatography experiment is subject to the constraints of constant 
temperature and chemical potentials of solvent and buffer components, the condition of partition 
equilibrium, µ2α( )T ,µ1 ,µ3 = µ2β( )T ,µ1 .µ3 , dictates that the ratio of thermodynamic activities z2β / z2α( ) 
is defined by the exponential of the difference between the standard state chemical potentials of 
protein in the two phases [see Eq. (3)].  On the other hand the experimentally determined partition 
coefficient σ2 = (Ve − Vo)/Vs (where Ve is the protein elution volume for a column with void volume 
Vo and stationary-phase volume Vs) is the ratio of the corresponding protein concentrations 
c2
β / c2α( ), whereupon it follows that 
 
 σ 2 = σ 2
0 exp 2B22 M 2( ) c2α − c2β( )+ ...  = σ 20 exp 2B22c2α M 2( )1 − σ 2( )+ ...   (16) 
 
where σ 2
0
 signifies the partition coefficient in the limit of zero protein concentration. 
 The requirement for nonlinear regression analysis of the dependence of σ2 upon 
 
c2
α
 
according to Eq. (16) to obtain estimates of 
 
σ 2
0
 and B22/M2 as curve-fitting parameters can be 
avoided by writing the expression in logarithmic form as 
 
 lnσ 2 = lnσ 2
0 + 2 B22 M 2( )c2α 1− σ 2( )+ ...      (17)  
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which signifies the feasibility of obtaining B22/M2 from the slope of the linear dependence of ln σ2 
upon 
 
c2
α (1− σ 2 ) .  Experimental confirmation of this theoretical prediction by a frontal 
chromatography study of ovalbumin on CPG-75 glass beads [59,60] is shown (, _____) in Fig. 2, 
from which a second virial coefficient B22 of 350 (± 30) L/mol is obtained − a value that matches 
the osmotic second virial coefficient of 354 L/mol that is calculated from Eq. (6) with values of 2.9 
nm for R2 [39] and −16 for Z2 [59] for ovalbumin (M2 = 44,000 [61]) in 0.156 I phosphate−chloride 
buffer, pH 7.4.  Although consideration of the results in terms of a quadratic dependence of ln σ2 
upon 
 
c2
α (1− σ 2 )  leads to an improved fit (− − −) and a higher B22 estimate, 480 (± 60) L/mol, the 
return of a negative value for the quadratic coefficient, (3/2)B222, precludes such interpretation on 
the physical grounds that the third virial coefficient for protein self-interaction is necessarily 
positive. 
 
Sedimentation equilibrium 
 
 Because the concept of solvent partition between two phases clearly does not apply to 
sedimentation equilibrium experiments, the starting point for derivation of the basic equation must 
be [62] 
 
 M 2 1 − v2ρ( )ω 2r = ∂µ2 ∂w2( )T ,P dw2 dr       (18)  
 
where ρ is the solution density at radial distance r in a cell being rotated at angular velocity ω. 
However, after allowing for the radial dependence of the solution density as well as replacement of 
the molal-based concentration by its weight/volume counterpart c2, Eq. (18) becomes, for 
incompressible solutions, [63,64] 
 
 
 M 2 1 − v2ρs( )ω 2r = RT c2( ) 1 + c2 ∂ lnγ 2 ∂c2( ) T ,µ1 dc2 = RTd ln z2   (19) 
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where ρs signifies the density of solvent, rather than that of the solution.  Integration of Eq. (19) 
between radial limits rF and r then gives 
 
 
 z2 r( )= z2 rF( )exp M2 1 − vρs( )ω 2 r2 − rF2( ) 2RT( )      (20) 
 
as the basic sedimentation equilibrium expression for a single solute in terms of z2(rF), the 
thermodynamic activity of solute at a chosen reference radial distance rF. 
 For a mixture of protein and a small cosolute (species 3) the activity coefficient for protein. 
γ2(r), is  
 
 γ 2 (r) = exp 2B22c2 r( ) M 2 + B23c3 r( ) M 3 + ...       (21)  
 
which means that in an experiment with very low protein concentration [c2(r) → 0], 
 
 
 γ 2 (r) ≈ exp B23c3 r( ) M 3          (22)  
 
Because there is only minor variation in the concentration of small cosolute throughout the 
sedimentation equilibrium distribution, c3 r( )− c3 rF( )  c3 rF( )<< 1, the approximation of ideality,  
 
 
 c3 r( )= c3 rF( )exp M 3 1 − vρ1( )ω 2 r2 − rF2( ) 2RT( )       (23)  
 
suffices to give results correct to first order in all concentrations.  Eqs. (20), (22) and (23) then yield 
[65] 
 
c2 r( )= c2 rF( )exp M2 1 − v2ρ1( )− 1 − v3ρ1( )B23c3 rF( ){ }ω 2 r2 − rF2( ) 2RT( )    (24)  
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in which c3(rF) may reasonably be identified as the cosolute concentration in the mixture subjected 
to sedimentation equilibrium [65]. Differentiation of the logarithmic form of Eq. (24) with respect 
to r2 then yields the relationship 
 
 
 d ln c2 r( ) dr2 ≈ M 2 1− v2ρ1( )− 1 − v3ρ1( )B23c3 rF( ) ω 2 2RT( )   (25) 
 
which establishes that B23 can be determined experimentally from the linear dependence of 
dlnc2(r)/dr2 upon c3 [65].  In that regard the concept of considering the cosolute to be part of the 
solvent stems from the pioneering work of Casassa and Eisenberg [66], who expressed Eq. (25) as 
 
 
 d ln c2 r( ) dr2 ≈ M 2 1− ′φ2ρd( )ω 2 2RT( )      (26) 
 
where ′φ2  is the apparent partial specific volume of the protein and ρd is the density of cosolute-
supplemented solvent (the diffusate against which the protein solution had been predialyzed 
extensively). 
 The important point to note from the above discussion is that consideration of the small 
cosolute as part of the solvent is conditional upon using the buoyant molecular mass obtained from 
Eq. (26) − a parameter that can be obtained either from a separate sedimentation equilibrium 
experiment with very low protein concentration or from the low-concentration region of a high-
speed [67] sedimentation equilibrium experiment. Such determination of M 2 1 − ′φ2ρd( ) then allows 
advantage to be taken of Eq. (20) written in the form 
 
 
 c2 r( )= z2 rF( )exp M 2 1− ′φ2ρd( )ω 2 r 2 − rF2( ) 2RT( ){ }− 2B22c2 r( ) M 2 + ...   (27) 
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which allows z2(rF) and B22, the remaining parameters of unknown magnitude, to be evaluated by 
nonlinear curve-fitting of the [r, c2(r)] data in the high-concentration region of a distribution 
obtained by a sedimentation equilibrium experiment of meniscus-depletion design [67]. 
 This approach to the analysis of thermodynamic nonideality is illustrated with results from a 
sedimentation equilibrium study of equine serum albumin in acetate buffer (pH 5.6) supplemented 
with ammonium sulfate [14]. Values of the buoyant molecular mass pertinent to each ammonium 
sulfate concentration (Fig. 3A) were obtained from separate experiments with low albumin 
concentration and then incorporated into Eq. (27) for the analysis of meniscus-depleted distributions 
with higher protein concentration to obtain best-fit estimates of B22. The initial decrease reflects 
elimination of the charge-charge contribution to B22, which then levels out at the value (− − −) 
defined by the hard-sphere contribution [first term in Eq. (6)].  
 These results establish that the osmotic second virial coefficient for self-interaction is 
obtained from sedimentation equilibrium distributions, despite absence of the solvent partition 
between phases that is responsible for this parameter being obtained by osmometry and size-
exclusion chromatography. Although protein−cosolute contributions contribute to thermodynamic 
nonideality in sedimentation equilibrium, they are separable from the self-interaction contribution 
because of their encapsulation within the buoyant molecular mass. 
 
Light scattering techniques 
 
  Whereas the extent of light scattering was monitored initially as a turbidity τ (i.e., the loss of 
light intensity in the direction of the incident beam), modern instruments record the excess Rayleigh 
scattering ratio (Rθ) at angle θ  relative to the incident beam with wavelength λ. Despite 
insensitivity of the Rayleigh excess scattering ratio for globular proteins to scatter angle, because 
use of a monochromatic beam with a wavelength in the visible region of the spectrum (typically 630 
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nm) ensures a situation wherein λ >> R2, the parameter is still designated as Rθ. Results are 
analyzed routinely in terms of the Debye relationship 
 
 
Kc2 Rθ = 1 M 2 + 2A2M 2c2 + ...        (28)  
 
where K is an optical constant taking into account the solvent refractive index, the specific 
refractive index increment for solute (dn/dc2) and the wavelength λ of the plane-polarized incident 
beam. Expression of the slope of the Debye plot as 2A2M2 reflects an experimental convention that 
the light-scattering second virial coefficient be accorded the dimensions mL mol g−2. Although Eq. 
(28) describes the Debye plot for a single solute, its application to results for a buffered protein 
solution clearly warrants closer scrutiny in a situation where the thermodynamic activity coefficient 
of the protein contains terms for protein-cosolute interactions as well as C22, the molal second virial 
coefficient for self-interaction [see Eq. (14)]. 
 Conversion of the scattering equation for a macromolecular solute in solvent supplemented 
with a single cosolute [39] from the molal concentration scale to one in terms of the usual 
experimental scale (weight/volume) has established [15] that the expression for the excess 
scattering ratio for the macromolecular species (Rθ) has the form 
 
 
 Kc2 Rθ = A1 M 2 + 2B22 + Ωc3( ) M 22 c2 + ...      (29)  
 
which deviates from Eq. (28) in two notable respects. 
(i) The ordinate intercept is no longer the reciprocal of solute molecular mass in that 
 
 
 A1 ≈ 1 + 2 B23 − M 3v3( )ψ M 2 c3        (30)  
 
where ψ = M 3dn dc3( ) M 2dn dc2( ). Such linear dependence of the ordinate intercept upon 
cosolute concentration was recognized in the middle of last century [39,40], but has seemingly been 
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disregarded until recently [12,15]. For example, an early study [68] of the dependence of A1 for 
polystyrene in benzene supplemented with increasing concentrations c3 of methanol is shown in 
Fig. 4A, where the negative slope reflects a negative value for dn/dc3. On the other hand the 
inclusion of either NaCl () or sucrose () in a study [15] of ovalbumin in acetate buffer (pH 4.6, 
I 0.04) leads to a linear increase in A1 (Fig. 4A): in this instance the ordinate intercept differs from 
unity because the acetate buffer is already a cosolute-supplemented solvent [15].  Admittedly, there 
is systematic underestimation of protein concentration c2 in studies of nonideal solutions that 
simultaneously use size exclusion chomatography and multi-angle laser light scattering (SEC-
MALLS).  Determination of c2 from the difference between the refractive index of the protein 
solution within the light-scattering flow cell and the corresponding value before the arrival of 
protein disregards the decrease in mobile-phase concentration of buffer constituents c3 that results 
from equilibrium partitioning to maintain constancy of their chemical potentials in the two phases 
of the size-exclusion chromatography column. However, the ordinate intercept of the Debye plot is 
unaffected by this systematic error in protein concentration because of the presence of c2 in the 
ordinate as well as the abscissa of the Debye plot [Eq. (29)]. Furthermore, the overestimate of c3 
that is incorporated into the experimental plot of the dependence of A1 upon cosolute concentration 
[Fig. 4A and Eq. (30)] should affect the slope rather than the ordinate intercept. 
(ii) The second notable difference between Eqs. (28) and (29) is that the second virial coefficient for 
a cosolute-supplemented protein solution also contains a term in cosolute concentration, the 
dominant, purely thermodynamic contribution to the coefficient of which (Ωth) is given by [15] 
 
 Ωth = B223 − B23
2 + M 2v2          (31) 
 
which is negative for excluded-volume interactions − a situation that also applies to 
protein−electrolyte interactions (which are not amenable to simple statistical-mechanical 
interpretation in terms of excluded volume) inasmuch as an increase in electrolyte concentration c3 
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leads to negative light scattering second virial coefficients for many protein systems [8−11]. As an 
example, the results [69] presented in Fig. 4B illustrate the effect of supplementing solutions of 
equine serum albumin with ammonium sulfate under the same conditions as those pertaining to 
their study by sedimentation equilibrium (Fig. 3B). Although those negative values for A2 signify 
the existence of a virtual attractive force between protein molecules that would be conducive to 
crystal formation or protein precipitation, their description as osmotic virial coefficients signifying a 
large increase in the strength of direct protein-protein (self) interaction is incorrect: the negative 
values reflect predominance of the contributions from protein−electrolyte interactions over the 
repulsive forces arising from protein self−interaction that are described by the osmotic second virial 
coefficient. The light scattering second virial coefficient is therefore better assigned its original 
designation, A2, to avoid confusion with its osmotic counterpart, B22, which is frequently 
abbreviated to B2 when expressed in the traditional experimental units (mL mol g−2). 
 Information on the magnitude of the light scattering second virial coefficient is also 
available from measurements of small-angle scattering of X-rays [70,71] and neutrons [72].  In such 
studies the small wavelength of the incident beam (typically 0.1–0.2 nm for X-rays) introduces 
angular dependence of the scattered intensity for globular proteins, and hence the need for 
extrapolation of the data to zero scattering angle as well as zero protein concentration. Specifically, 
the determination of virial coefficients from small-angle X-ray scattering studies has been based on 
the expression [13,70,71,73] 
 
 I c2 ,0( )= Kc2 1+ 2A2M 2c2( )       (32) 
 
where I(c2, q) is the intensity of scattering through vector q = [4π sin (θ/2)]/λ) for a solution with 
solute weight concentration c2.  K = I(0,0) is usually obtained as an additional curve-fitting 
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parameter (A2M2 being the other) from the linear concentration dependence of c2/I(c2,0).  In fact the 
entire formalism of light scattering theory can be adapted to small-angle X-ray scattering, 
essentially by replacing the square of the refractive index (dielectric constant) with the electron 
density [74,75].  However, fundamental difficulties in interpreting Eq (32) arise when the transition 
from Eqs (73) to (74) of Guinier and Fournet [76] using the isothermal compressibility 
β = −V −1 ∂P ∂V( )
T
−1
 of a gas is simply carried over [74] into the theory of solutions.  It is 
commonplace [74,77] to use the osmotic compressibility β = −c2−1 ∂Π ∂c2( )T ,µ1−1  [see present Eq (4)] 
as a proxy for the scattering structure factor at zero angle through the equation 
S c2 ,0( )= RTc2β M 2  .  Unfortunately, this identification cannot be made rigorously because the 
justification for equating the A2 of Eq (32) with the osmotic second virial coefficient rests on all of 
the assumptions, such as that of solution incompressibility [current Eq (11)] and the comparatively 
small magnitude of other contributions to A2, inherent in the derivation of Eq (29). Timasheff [74] 
took a thermodynamic approach to this problem, but the manner in which the change in 
concentration scale (molar to molal) is made between his Eqs. (9) and (10) cannot be justified if 
results rigorously correct to first order in the solute concentration are to be obtained − a problem 
currently under investigation.  Meanwhile, a heuristic approach has been adopted for the 
determination and interpretation of second virial coefficients obtained from SAXS studies of 
solutions of macromolecules containing other solute species [78]. 
 
Self-interaction chromatography 
 
 Despite the initial popularity of light scattering for determining second virial coefficients as 
a means of identifying conditions conducive to protein crystallization [8−10], the method has been 
largely supplanted by self-interaction chromatography [26−34,79] − a technique more compatible 
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with the high-throughput screening demands of current biotechnological research. Basically, the 
magnitude of a second virial coefficient for a protein is deduced from its elution volume (Ve) in 
zonal affinity chromatography on a column with the same protein as affinity ligand (Fig. 5A): as 
noted recently, Ve should be taken [31] as the median bisector (or first moment) of the zone rather 
than the position of its peak.  
 A worrying feature of the original and most commonly used method [26] is its reliance upon 
accurate assignment of magnitudes to parameters for which there is no direct experimental 
measurement; but that difficulty is overcome readily by a simpler thermodynamic approach 
[28,29,79]. An obvious advantage of self-interaction chromatography is the very small amount of 
protein required for evaluation of the chromatographic retention factor, ′k = Ve − Vd( ) Vd , where Vd 
is the dead volume of the column (the elution volume of the protein from an identical column 
packed with underivatized matrix).  
 In accordance with the earlier models of self-interaction chromatography [26,28,29] the 
column is considered to comprise a bed of porous but impenetrable matrix particles with mobile-
phase volume Vo and a pore volume Vp. For a column of underivatized matrix the elution volume of 
a protein, Vd = Vm + σ2Vp, describes the column volume that is accessible to the protein − a 
parameter termed the dead volume [26]. Repetition of the experiment on an identical column of 
affinity matrix bearing a concentration c2* of immobilized protein (based on its distribution in the 
dead volume) yields an elution volume Ve which differs from Vd because of interaction between 
protein molecules in solution (species 2) and their immobilized counterparts (species 2*). On the 
grounds that all protein species are located in the dead volume, mass conservation considerations 
[80,81] dictate that Vdc2 = Ve c2( )e  where (c2)e is the effective concentration (i.e., thermodynamic 
activity of a solution with concentration c2). 
 Because the protein solute and its immobilized counterpart are confined to the dead volume, 
solutions of varying concentration are compared under the constraints of constant temperature and 
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volume, where the latter constraint also implies constant pressure for an incompressible solution. 
Although the thermodynamic concentration (activity) is therefore a molal quantity, the 
weight/volume scale can be retained (as in light scattering) by expressing the second virial 
coefficient A2 as A2/ρ1 to achieve the required dimensions (mL mol g−2).  From Eq. (14 ) the 
expression of mass conservation then becomes  
 
 
 Vdc2 exp 2M 2A22c2( )= Vec2 exp 2M 2A22c2 + M 2A22*c2* + ...( )    (33) 
where A22 and A22* denote the respective virial coefficients reflecting nonideality of the protein 
arising from its own concentration and that of its immobilized counterpart. Despite the variation in 
solute concentration across the migrating zone, the very low applied protein concentration 
employed in self-interaction chromatography justifies the approximation that A22c2 ≈ 0 for all c2, 
whereupon Eq. (33) can be written in the simplified form 
 
 Ve Vd = exp −A22*c2*( )≈ 1 − A22*c2*        (34) 
 
whereupon the experimental retention factor k’ [26] is given by 
 
 ′k = Ve Vd( )− 1 = −A22*c2*         (35) 
 
 From Eq. (35) it is evident that the parameter defined by self-interaction chromatography is 
the light-scattering second virial coefficient for the excluded-volume interaction between protein in  
the soluble and immobilized states rather than that between two protein molecules in solution. 
Consideration of species 2 and species 2* as equivalent molecules can be accommodated 
thermodynamically by considering the combined protein concentration in the dead volume to be  
(c2 + c2*) ≈ c2*; but such interpretation of the results in terms of a single protein species requires 
redefinition of the virial coefficient as 2A2.  As noted previously [79], the second virial coefficients 
obtained by self-interaction chromatography need to be halved in order to achieve a direct 
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comparison with those obtained by light scattering techniques. Such a comparison of results for the 
effect of ionic strength on the second virial coefficient for lysozyme (pH 4.5) is shown in Fig. 5B, 
where results [31] obtained by self-interaction chromatography [] are combined with those (, 
) from two light scattering studies [10,11]. 
 Of the methods that yield a second virial coefficient incorporating the consequences of 
protein−buffer interaction as well as protein self-interaction this technique is undoubtedly the 
simplest and quickest to perform as well as being the most economical in terms of the amount of 
protein required for its measurement. Furthermore, the evaluated A2 is a purely thermodynamic 
parameter, unaffected by the ratio of refractive index increments or excess scattering intensities for 
protein and solvent that are incorporated into second virial coefficients obtained by light scattering 
techniques. 
 
Concluding remarks 
 
 This review has established the need for greater care to be exercised in the description of the 
second virial coefficient obtained from a given physicochemical procedure. Whereas techniques 
that monitor thermodynamic activity under the constraints of constant temperature and chemical 
potential of solvent and small cosolutes do yield the osmotic second virial coefficient (B22) for 
protein self-interaction, the parameter (A2) obtained with constancy of pressure as the second 
constraint has been erroneously identified with the self-interaction parameter because A2 also 
incorporates the consequences of physical protein interactions with small cosolutes present in a 
buffered protein solution. An exception to that generalization is encountered in sedimentation 
equilibrium, a technique which returns the osmotic virial coefficient because of an analysis of 
incompressible solutions that confines the effects of protein−buffer interactions to the buoyant 
molecular mass and hence allows separation of those effects from nonideality reflecting protein 
self-interaction. 
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 The importance of distinction between the two types of second virial coefficient (B22 and A2) 
being evaluated depends very much upon the purpose for which the quantitative description of 
thermodynamic nonideality is to be used. In instances where the goal of quantifying the effects of   
nonideality is to improve the thermodynamic characterization of chemical equilibria involving 
protein self-association or the association of a protein with another macromolecular species, the 
osmotic second virial coefficients are the relevant parameters because of their possible numerical 
evaluation on the statistical-mechanical basis of excluded volume. However, the inability of the 
McMillan−Mayer treatment of thermodynamic nonideality simply to accommodate 
protein−electrolyte interactions dictates characterization of the macromolecular association 
equilibrium by an experimental technique that allows the separation of nonideality contributions 
reflecting physical protein−buffer interactions from their protein−protein counterparts. Of the three 
physicochemical procedures meeting that requirement, sedimentation equilibrium is a more 
convenient option than osmometry or frontal size-exclusion chromatography.  
 On the other hand, the goal of many studies of thermodynamic nonideality is the screening 
of experimental conditions to optimize the chances of achieving protein crystallization. For that 
purpose consideration of nonideality contributions arising from protein-cosolute interactions in the 
interpretation of the second virial coefficient is essential, because what is being sought are 
conditions where the net protein interaction is associative overall (A2 slightly negative) despite the 
necessarily positive contribution from physical interactions (excluded volume and electrostatic) 
between molecules of a non-associating protein. The only potential drawback to using techniques 
such as light scattering and self-interaction chromatography for identifying such conditions is the 
inability to distinguish between protein-cosolute interaction and weak protein self-association as the 
source of the slightly negative second virial coefficient (A2) that has been determined 
experimentally.  
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 A similar dilemma pervades the use of these techniques to decrease the possibility that 
therapeutic proteins may aggregate and hence pose solubility problems at the high concentrations 
required for intravenous injection (the so-called protein stability problem). In that context the 
minimum criterion would be the identification of conditions where A2 is positive on the grounds that 
a slightly negative second virial coefficient could be reflecting weak protein self-association that 
would become more extensive at the much higher concentration required for therapeutic purposes. 
 In summary, this review has provided the first overview thermodynamic nonideality in the 
context of its quantitative characterization by different physicochemical procedures and the relative 
merits of those techniques from the viewpoint of the purpose for which the effects of 
thermodynamic nonideality are being assessed.  
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LEGENDS TO FIGURES  
 
Fig. 1. Determination of second virial coefficients by osmometry. (A) Concentration dependence of 
the reduced osmotic pressure for ovalbumin solutions (neutral pH) with ionic strengths of 0.01 M 
(), 0.15 M () and 0.50 M (), together with the asymptotic dependence (_____) predicted for 
the hard-sphere contribution to B22. (Data taken from Table 1 of [41].)  Corresponding data for 
bovine serum albumin (pH 7.0, I 0.15 M), together with the descriptions predicted by Eq. (6) with 
Z2 = 0 (_____) and −20 (− − −). (Data taken from Table 1 of [43].)  (C) Concentration dependence 
of the reduced osmotic pressure for aqueous solutions of lysozyme (pH 4.0) supplemented with 1 M 
() (NH4)2SO4: the solid line denotes the reported best-fit descriptions, which clearly does not take 
into account the theoretical ordinate intercept (horizontal arrow) for monomeric enzyme. (Data 
taken from Table 2 of [50].) (D)  Evaluation of negative osmotic second virial coefficients 
reflecting the reversible dimerization of α-chymotrypsin in 0.1 M K2SO4 solutions adjusted to pH 
5.0 () and 6.0 (). (Data taken from Table 1 of [55].)  
 
 Fig. 2. Evaluation of the osmotic second virial coeffient for ovalbumin by size-exclusion 
chromatography on a column of CPG-75 glass beads equilibrated with phosphate−chloride buffer 
(pH 7.4, I 0.156 M), a value of 350 (± 26) L/mol being obtained from the best-fit slope (_____) of 
the plot  of experimental results according to Eq. (16): the broken line is the corresponding best-fit 
description according to Eq. (17) extended to include the quadratic power in solute concentration. 
(Data taken from Fig. 1 of [60]). 
 
Fig. 3. Evaluation of the osmotic second virial coefficient for equine serum albumin by 
sedimentation equilibrium. (A) Dependence of the buoyant molecular mass, obtained via Eq. (26), 
upon the concentration of (NH4)2SO4 incorporated into the acetate buffer (pH 5.6). (B) Consequent 
dependence of the second virial coefficient obtained by the application of Eq. (27) to high-speed 
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sedimentation equilibrium distributions obtained under the same conditions: the broken line denotes 
the hard-sphere contribution to B22. (Data in A and B taken from Figs. 2 and 4 of [14].)  
 
Fig. 4. Effects of small cosolutes on the form of Debye plots of light scattering data for 
macromolecular solutes. (A) Extent of the error involved in consideration of the ordinate intercept 
as the reciprocal of molecular mass (
 
A1 = M2 / M2
app ) for polystyrene [68] in benzene supplemented 
with methanol () and for ovalbumin [15] in acetate buffer (pH 4.6, I 0.04 M) supplemented with 
sucrose () or NaCl (). [Data inferred from Fig. 2 of [68] and Fig. 4 of [15] respectively.]  
(B) Dependence of the light-scattering second virial coefficient (obtained from the slope) for equine 
serum albumin upon the concentration of (NH4)2SO4 included in the acetate buffer (pH 5.6), the 
conditions used for the sedimentation equilibrium study (Fig. 3). (Data taken from Fig. 4  of  [69].)  
 
Fig. 5. Evaluation of second virial coefficients by self-interaction chromatography. (A) Zonal 
elution profiles for lysozyme on a Toyopearl−lysozyme affinity column equilibrated with acetate 
buffer (5 mM acetic acid adjusted to pH 4.5) containing the indicated molar concentrations of NaCl. 
(Data taken from Fig. 1 of [34].)  (B)  Comparison of second virial coefficients (B2) obtained by 
self-interaction chromatography () with those (A2) obtained in two light scattering studies (,). 
(Self-interaction chromatography data inferred from Table 3 of [31]; and the light scattering data 
from Fig. 4 of [10] and Table 1 of [11] respectively.) 
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